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HIGHLIGHTS 


•  Li4Ti5012/LiFeP04  batteries  exhibit  huge  capacity  fade  after  4-5  months  of  aging. 

•  Degradation  explained  using  electrochemistry,  spectroscopy  and  electron  microscopy. 

•  Both  positive  and  negative  electrodes  show  no  significant  changes  after  aging. 

•  Capacity  fade  result  from  internal  imbalance  likely  caused  by  parasitic  reactions. 
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LLfTisO^/LiFePC^  cells  are  cycled  under  4  different  conditions  of  discharge  profile  (galvanostatic  or 
driving-based)  and  cycling  rates  (C/8  or  1C)  during  4-5  months.  All  the  cells  exhibit  capacity  fade  whose 
extent  is  not  correlated  with  the  aging  condition.  In  order  to  understand  aging  phenomena,  cells  are 
disassembled  at  the  end  of  cycle  life  and  the  recovered  electrodes  are  analyzed  using  electrochemistry, 
electron  microscopy,  XRD  and  MAS-NMR.  Positive  and  negative  electrodes  show  no  loss  in  active  ma¬ 
terial  and  no  change  in  electrochemical  activity,  active  material  structure  and  composite  electrode 
structure.  This  rules  out  any  irreversible  electrode  degradation.  Lithium  stoichiometry  estimated  by  both 
XRD  and  electrochemistry  is  unexpectedly  low  in  the  positive  electrode  when  the  aging  is  stopped  at  full 
discharge.  That  indicates  a  loss  of  cyclable  lithium  or  electrons  leading  to  cell  balancing  evolution.  That 
loss  may  have  been  caused  by  parasitic  reactions  occurring  at  both  electrodes,  in  accordance  with  their 
rich  surface  chemistry  as  evidenced  by  MAS-NMR. 

©  2014  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

In  the  past  decade  emphasis  has  been  laid  on  developing  du¬ 
rable  lithium-ion  batteries  for  electric  vehicles.  Current  automotive 
industry  needs  extended  energy  and  power  supplies,  as  well  as  a 
high  safety.  It  is  however  the  cell  longevity  that  is  of  major  concern 
for  electric  transportation  applications  where  lifetime  up  to 
15  years  is  required  [1],  It  is  therefore  necessary  to  understand  the 
performance  decay  of  a  battery  subject  to  operating  conditions  that 
are  typical  of  automotive  application:  complex  cycling  profile  for 
electric  vehicles,  e.g.  by  Safari  and  Delacourt  [2],  continuous  com¬ 
plex  profile  for  hybrid  electric  vehicles,  e.g.  by  Liaw  et  al.  [3],  as  well 
as  extended  storage  at  different  temperatures,  e.g.  by  Kassem  et  al. 
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[4],  Degradation  mechanisms  of  the  electrodes  are  generally 
divided  into  three  families:  (i)  irreversible  loss  of  active  material, 
(ii)  parasitic  reactions  leading  to  a  loss  of  cyclable  lithium  or  elec¬ 
trons,  (iii)  increase  in  resistance  due  to  passive  films  formation  and 
loss  of  contact  [5—8].  Depending  on  the  cell  chemistry,  i.e.  the 
choice  of  active  materials  and  of  electrolyte  salt  and  solvents,  some 
degradation  mechanisms  overcome  others.  Since  these  electrode 
degradations  manifest  themselves  under  two  macroscopic  forms 
only:  capacity  fade  and  impedance  rise,  the  degradation  diagnosis 
cannot  be  fulfilled  using  electrochemical  studies  only,  but  also 
spectroscopic  and  microscopic  studies  are  needed  [9—12], 

Amongst  the  numerous  active  materials  referenced  in  the 
literature,  it  is  possible  to  choose  one  that  would  meet  the  re¬ 
quirements  of  the  target  application,  such  as  specific  power  and 
energy,  lifetime,  performance,  safety  and  cost  [1],  In  the  field  of 
electric  transportation,  LLfTisO^  and  LiFePC>4  active  materials  have 
already  been  commercialized,  notably  for  their  attractive  cyclability 


R.  Castaing  et  al.  /  Journal  of  Power  Sources  267  (2014)  744-752 


745 


and  their  high  level  of  safety:  e.g.  LiFePC>4  batteries  and  automobiles 
from  Bollore/Blue  Solutions  (France)  and  from  BYD  (China), 
Li4Ti50i2  batteries  from  Tiankang  (Hong-Kong)  and  from  EIG 
(South  Korea). 

From  the  literature,  degradation  of  LiFePC>4-containing  cells 
mainly  occurs  at  the  negative  electrode  when  the  electrolyte  be¬ 
comes  acidic,  usually  as  LiPFg  salt  is  hydrolyzed  by  traces  of  water: 
acidic  species  attack  the  active  material  and  dissolve  iron  that  will 
interfere  with  the  SEI  layer  on  the  negative  electrode  [13—16], 
Nevertheless,  a  few  aging  mechanisms  have  been  exhibited  on 
LiFePC>4  active  material,  such  as  the  formation  of  surface  layers 
containing  LiF,  lithium  carbonates  and  lithium  fluorophosphates 
[16— 20  .  On  the  negative  electrode  side,  Li4Ti50i2  is  usually  pro¬ 
posed  to  replace  graphite,  since  its  higher  potential  plateau  (1.55  V) 
was  thought  to  avoid  the  formation  of  the  SEI.  This  is  the  reason 
why  very  few  studies  report  the  aging  of  LLfTisO^:  passivation 
layers  are  hardly  detected  on  its  surface  [21—25], 

The  aim  of  this  work  is  to  understand  the  degradation  mecha¬ 
nisms  of  a  lithium-ion  cell  composed  of  Li4Tis0i2/LiFeP04  in  LiPFe/ 
EC:DMC,  in  a  specific  cycling  condition  that  is  typical  of  automotive 
application.  Very  few  reports  deal  with  the  aging  of  such  a  cell, 
since  its  capacity  remains  very  stable  upon  cycling  at  room  tem¬ 
perature  (-0.008%  per  cycle  at  1  C  [26]  or  -0.003%  per  cycle  at  5  C 
[27])  or  fairly  stable  at  high  temperature  (-0.14%  per  cycle  at  C/3 
and  55  °C  13]).  Whereas  the  causes  for  capacity  fading  were  not 
explored  in  previous  studies,  we  attempt  to  determine  degradation 
mechanisms  and  analyze  them  using  complementary  electro¬ 
chemical,  spectroscopic  and  microscopic  tools. 

2.  Experimental 

2.1.  Cell  constitution 

Experimental  studies  were  performed  on  LiFePC^/LUTisO^ 
Swagelok  cells  [20]  with  initial  capacity  C  of  0.748  ±  0.010  mAh. 
This  cell  consists  of  a  carbon-coated  LiFeP04  positive  electrode  with 
1.0  mAh/cm2  and  a  Li4Ti5012  negative  electrode  with  1.3  mAh/cm2, 
both  tape-casted  onto  an  aluminium  current  collector;  electrodes 
are  1  cm  diameter  discs.  Electrolyte  was  a  commercial  (Novolyte) 
1  mol  LA1  solution  of  LiPF6  in  a  mixture  of  EC  and  DMC  with  volumic 
ratio  of  1;  electrolyte  was  contained  in  two  discs  of  glass  fiber 
separator.  The  cells  were  assembled  in  an  argon-filled  glovebox. 

All  electrochemistry  measurements  were  performed  on  a  multi¬ 
channel  potentiostat/galvanostat  VMP3  provided  by  BioLogic  and 
monitored  by  the  software  EC-Lab. 

2.2.  Aging  procedure 

The  cells  were  aged  using  4  cycling  conditions  consisting  in 
alternance  of  charges  and  discharges:  reference  mild,  reference 
intensive,  driving  mild  and  driving  intensive  (respectively  Rm,  Ri, 
Dm  and  Di).  Reference  aging  is  a  galvanostatic  charge/discharge 
alternance,  whereas  driving  aging  consists  of  galvanostatic  charges 
and  complex  discharges  whose  power  profile  was  designed  from 
United  States  Advanced  Battery  Consortium  [28]  as  depicted  in 
Fig.  1  (the  FUDS  profile  was  used  as  it  is;  only  its  amplitude  was 
reduced  to  ensure  an  average  power  equivalent  to  the  demanded  C- 
rate);  mild  and  intensive  agings  correspond  to  cycling  rates  of  C/8 
and  1C  respectively.  For  each  condition,  3  or  4  cells  were  aged. 
Charges  and  discharges  were  separated  by  10  min  relaxation  pe¬ 
riods.  Voltage  cut-offs  for  galvanostatic  charges  and  discharges  are 
respectively  2.5  V  and  0.95  V. 

Periodic  (monthly)  analyses  were  performed  using  reference 
performance  tests.  This  test  is  made  up  of  5  galvanostatic  charge/ 
discharge  cycles  at  increasing  currents  from  C/25  to  2C;  each  cycle 


Fig.  1.  FUDS  profile  from  United  States  Advanced  Battery  Consortium  (28)  scaled  to  get 
an  average  power  of  1C. 

consists  of  CCCV  charge  (constant  current  constant  voltage)  up  to 
2.5  V  and  constant  current  discharge  down  to  0.5  V  with  relaxation 
periods  until  potential  variation  is  less  than  2  mV  h  . 

2.3.  End  of  aging 

After  aging,  the  cell  was  discharged  down  to  0.5  V  at  0.04  C  then 
relaxed  until  the  potential  evolution  was  below  2  mV  h  .  For  each 
group,  corresponding  to  an  aging  condition,  the  cell  1  was  devoted 
to  half-cell  study  with  the  positive  electrode  while  its  negative 
electrode  was  analyzed  using  XRD.  The  cell  2  was  devoted  to  half¬ 
cell  study  with  the  negative  electrode  while  its  positive  electrode 
was  analyzed  using  XRD.  The  cells  3  and  4  were  used  for  NMR,  SEM 
and  TEM. 

2.4.  Half-cell  study 

One  of  the  electrodes  was  removed  from  the  cell  while  the  other 
electrode  was  cycled  in  the  same  cell  with  a  Li  counter  electrode;  no 
electrolyte  was  added  in  order  to  avoid  any  rinsing  of  interphasial 
layers.  This  further  cycling  at  C/25  consists  of  a  charge  then  a 
discharge  for  positive  electrodes  and  a  discharge  then  a  charge  for 
negative  electrodes.  The  second  step  permits  to  calculate  intrinsic 
capacity,  that  is  the  ability  of  positive  (negative)  electrode  to 
intercalate  (desintercalate)  lithium.  The  difference  between  first 
and  second  cycle  leads  to  residual  capacity,  corresponding  to  the 
lack  of  lithium  filling  (the  remaining  lithium)  in  the  positive  elec¬ 
trode  (in  the  negative  electrode). 

2.5.  Electron  microscopy 

Scanning  electron  microscopy  imaging  was  performed  using  a 
JEOL  JSM  7600F  microscope  on  (not  rinsed)  electrodes.  Trans¬ 
mission  electron  microscopy  imaging  was  performed  using  a  FEG 
Hitachi  HF2000  microscope  operated  at  200  kV.  In  that  case,  (not 
rinsed)  electrodes  were  scraped  off  from  the  collector,  dispersed  in 
dimethyl  carbonate  using  ultrasound,  then  deposited  on  a  Holey 
carbon  grid  in  ambient  air. 

2.6.  X-ray  diffraction 

X-ray  diffraction  was  performed  using  a  Bruker  D8  diffractom¬ 
eter  in  a  Bragg-Brentano  geometry,  equipped  with  a  copper  anode, 
a  germanium  monochromator  (Cuk_l3  =  1.540598  A)  and  a  Linx- 
Eye  position  sensitive  detector.  Diffractograms  were  acquired 
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directly  on  (not  rinsed)  electrodes  coated  on  the  current  collector, 
this  explains  why  reflections  associated  with  aluminium  are  visible. 
The  sample  holder  is  an  airtight  cell  made  up  of  a  Poly- 
EtherEtherKetone  globe  and  a  silicon  base.  Sample  preparation  was 
made  in  argon-filled  glovebox.  Rietveld  analysis  was  performed 
using  the  Jana  software. 

2.7.  MAS-NMR 

7Li  and  19F  MAS-NMR  measurements  were  acquired  on  a  Bruker 
Avance  500  spectrometer  (Bo  =  11.8  T,  Larmor  frequency  of  7Li  and 
19F  are  respectively  194  MHz  and  470  MHz).  The  electrode  was 
scraped  off  from  the  collector,  not  rinsed,  dried  under  vacuum  at 
room  temperature  for  10  h  then  filled  into  a  cylindrical  2.5  mm 
diameter  zirconia  rotor.  Sample  preparation  was  made  in  argon- 
filled  glovebox.  7Li  NMR  was  performed  at  a  spinning  rate  of 
25  kHz  with  a  single  pulse  sequence,  a  pre-scan  delay  of  50  ps  and  a 
recycle  time  of  60  s;  19F  NMR  was  performed  at  a  spinning  rate  of 
23.5  kHz  with  a  Hahn  echo  sequence,  a  pre-scan  delay  of  5  ps  and  a 
recycle  time  of  60  s.  These  analysis  conditions  were  adapted  from 
Dupre  et  al.  [29]  in  order  to  separate  surface  signal  from  bulk  signal, 
since  MAS-NMR  is  used  here  to  analyze  surface  species.  In  order  to 
quantitatively  compare  spectra,  they  were  normalized  with  respect 
to  the  mass  of  sample,  the  number  of  scans  and  the  receiver  gain. 
Spectra  were  filtered  using  Butterworth  filter  (order:  5,  cut-off 
frequency:  0.12  ppirT1). 

3.  Results 

3.1.  Electrochemical  performance  after  aging 

The  capacity  is  periodically  measured  in  reference  tests  in 
discharge  at  C/25.  Its  evolution  during  aging  for  each  cycling  con¬ 
dition  is  presented  in  Fig.  2. 

Firstly,  there  is  a  continuous  decrease  in  capacity  and  a  20%  loss 
of  capacity  is  experienced  after  70  days  on  average.  It  is  interesting 
to  compare  these  capacity  fading  to  those  reported  in  the  literature 
on  the  same  system  LiFePC^/LLtTisO^.  In  order  to  overcome  the 
difference  in  cycling  conditions,  the  lifetime  duration  is  calculated: 
it  corresponds  to  the  time  to  lose  20%  of  capacity.  This  lifetime  is 
extrapolated  taking  into  consideration  the  actual  discharge  and 
charge  duration  and  not  the  theoretical  one,  thanks  to  the  Ragone 
plot  if  given.  The  lifetime  of  such  a  system  is  then  525  days  for 
Zaghib  et  al.  [30],  208  days  for  Franger  et  al.  [26]  and  87  days  for 


Fig.  2.  Fade  of  capacity  during  aging  measured  as  the  mean  of  all  the  cells  from  each  of 
the  four  cycling  conditions:  Rm,  Ri,  Dm  and  Di.  Each  mark  corresponds  to  a  reference 
performance  test.  Error  bars  depicted  correspond  to  standard  deviation  amongst  the 
group. 


Jaiswal  et  al.  [27].  The  lifetime  in  this  work  is  close  to  Jaiswal's 
result.  There  is  however  a  discrepancy  in  capacity  retention 
amongst  all  studies  of  this  system.  This  will  be  discussed  further  in 
the  discussion  section. 

Secondly,  taking  into  account  the  error  bars,  it  is  clearly  not 
possible  to  draw  a  conclusion  about  the  influence  of  aging  condi¬ 
tion  on  the  degradations.  The  large  discrepancy  of  capacity  evolu¬ 
tion  amongst  each  group  means  there  is  a  lack  of  reproducibility. 
This  may  come  from  the  cell  assembly  process,  since  Swagelok  cell 
assembly  is  subject  to  variability  due  to  its  components  (spring, 
plunger  ...).  The  quality  of  electrolyte  (batch  number,  freshness  ...) 
has  also  an  influence  on  the  aging  rate. 

Fig.  3  presents  the  evolution  of  potential— charge  profiles 
measured  during  reference  performance  test  cycles.  It  highlights  a 
fade  of  capacity  without  an  increase  in  polarization  as  the  plateau 
potential  remains  the  same  at  C/2.  The  absence  of  increase  in  po¬ 
larization  is  an  indication  of  the  conservation  of  good  electronic  and 
ionic  conductions  within  the  composite  electrode.  This  observation 
may  thus  rule  out  a  hypothesis  of  degradation  of  the  composite 
electrode.  Moreover,  a  low  increase  in  internal  resistance  was 
measured  at  the  end  of  aging:  44  ±  9%  in  average  amongst  all  the 
cells.  This  shows  electrodes  are  only  slightly  passivated. 

3.2.  Half-cell  study 

At  the  end  of  aging  (i.e.  after  4—5  months),  one  of  the  electrodes 
was  cycled  versus  a  lithium  counter  electrode  in  order  to  have  ac¬ 
cess  to  both  its  intrinsic  and  residual  capacity  [10,31], 

3.2.1.  Intrinsic  capacities 

Intrinsic  capacity  is  related  to  the  amount  of  active  material  in 
the  electrode.  Charge  or  discharge  profiles  of  electrodes  in  half-cells 
are  presented  in  Fig.  4.  Only  a  small  change  in  capacity  and  plateau 
potential  is  visible.  This  indicates  that  the  electrodes  have  almost 
the  same  electrochemical  activity  in  spite  of  the  aging. 

In  Table  1,  intrinsic  capacities  are  compared  before  and  after 
aging.  One  observes  no  significant  difference  between  intrinsic 
capacity  of  aged  electrodes  in  half-cells  and  intrinsic  capacity  of 
fresh  electrodes.  These  results  mean  that  only  a  negligible  amount 
of  active  material  has  been  lost  during  aging,  either  due  to  corro¬ 
sion  or  due  to  disconnection  from  the  percolating  network. 


Fig.  3.  Evolution  of  charge/discharge  profiles  measured  at  C/2  for  fresh  cells  (solid 
line),  at  middle-of-life  (dashed  line)  and  at  end  of  life  (dotted),  (a)  Aging  performed  in 
Rm  condition  (cell  3),  (b)  aging  performed  in  Dm  condition  (cell  1). 
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charge  (mAh)  charge  (mAh) 

Fig.  4.  Charge  or  discharge  profile  of  half-cells  measured  at  C/25  for  fresh  and  aged 
electrodes,  (a)  Half-cell  with  Li4Ti50i2  electrode  in  charge  (cell  2),  (b)  half-cell  with 
LiFeP04  electrode  in  discharge  (celll). 


Table  1 

Intrinsic  and  residual  capacities  in  mAh  of  LiFeP04  and  Li4Ti5012  electrodes  in  half¬ 
cells.  Confidence  intervals  for  fresh  values  are  given,  since  this  measurement  was 
repeated.  The  values  after  aging  come  from  a  single  cell  for  each  group.  NA  means 
“not  applicable”  because  the  measurement  failed  due  to  software  issue  during 
recording  process. 


Capacity 

Fresh 

Rm 

Ri 

Dm 

Di 

Li4Ti5Oi2  electrode  (cell  2) 

Intrinsic 

1.13  ±0.16 

1.13 

1.13 

1.18 

1.03 

Residual 

-0.092  ±  0.039 

-0.047 

-0.078 

-0.100 

NA 

LiFePCU  electrode  (cell  1) 

Intrinsic 

0.796  ±  0.054 

0.816 

0.802 

0.781 

0.823 

Residual 

0.009  ±0.010 

0.406 

0.408 

NA 

0.624 

3.2.2.  Residual  capacities 

Residual  capacity  corresponds  to  the  amount  of  empty  (occu¬ 
pied)  sites  left  in  the  LiFeP04  (Li4Ti50i2)  framework  when  the  full 
cell  is  fully  discharged.  It  is  an  indication  for  cyclable  lithium  or 
electron  loss  because  of  side  reactions,  thus  leading  to  a  continu¬ 
ously  less  intercalated  (desintercalated)  electrode  at  the  end  of 
discharge.  Apart  from  the  negative  values  in  LUTisO^  that  can 
simply  be  explained  by  the  passivation  of  the  fresh  lithium  counter 
electrode  during  the  first  cycle,  significant  residual  capacities  in 
LiFeP04  indicate  that  the  positive  electrode  is  not  fully  lithiated 
when  the  full  cell  is  discharged  at  the  end  of  life  (see  Table  1 ).  The 
lack  of  lithium  intercalation  at  the  end  of  aging  is  observed  on  the 
positive  side  since  the  half-cell  study  was  done  at  a  discharged 
state.  Theses  results  indicate  that  the  capacity  fade  could  be 
attributed  to  a  slippage  of  the  electrodes  reducing  progressively 
their  stoichiometry  window. 

3.3.  Microscopy  studies 

After  the  half-cell  study,  electrodes  were  harvested  and  their 
microstructure  was  characterized  using  microscopy.  SEM  imaging 
did  not  allow  to  observe  any  change  in  texture,  particle  size  and 
homogeneity.  This  result  indicates  composite  electrode 
morphology  is  not  degraded  after  aging  and  remains  homoge¬ 
neous.  TEM  imaging  was  then  performed  to  compare  Li4Ti50i2  and 
LiFeP04  grains  between  fresh  and  aged  states.  The  pictures  are 
showed  in  Fig.  5.  It  is  worth  noting  that  the  electrode  was  dispersed 


in  a  solvent  before  analysis,  so  that  each  grain  could  be  separately 
visible.  Any  surface  layer  due  to  electrolyte  decomposition  is 
however  not  expected  to  be  seen  because  of  this  rinsing. 

No  evidence  of  change  in  Li4Ti50i2  grains  is  observed  in  images 
(a)  to  (d).  By  looking  at  images  (a)  and  (b),  grain  shape  and  particle 
size  —  from  40  nm  to  100  nm  —  are  conserved.  Images  (c)  and  (d) 
show  that  crystalline  planes  are  still  visible  after  aging.  By 
comparing  images  (e)  and  (f),  LiFeP04  grains  are  found  similar  in 
terms  of  particle  shape  and  particle  size:  ranging  from  70  nm  to 
200  nm.  Images  (g)  and  (h)  reveal  that  the  high  crystallinity  is 
conserved  throughout  aging.  Those  results  indicate  active  grains  of 


Fig.  5.  TEM  and  high-resolution  TEM  images  of  grains  of  Li4Ti5012  (a-d)  and  LiFeP04 
(e — h)  electrodes.  Fresh  electrodes  (left  column:  a,  c,  e,  g)  and  aged  electrode  from  cell 
Ri3  (right  column:  b,  d,  f,  h)  are  compared  in  terms  of  particle  distribution  and 
crystallinity. 
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Fig.  6.  XRD  patterns  of  Li4Ti5Oi2  electrodes  from  cells  2.  Stars  indicate  reflections 
associated  to  aluminium  current  collector. 


both  Li4Ti50i2  and  LiFeP04  do  not  suffer  from  electrochemical 
aging. 

3.4.  XRD  measurements 

XRD  patterns  in  Figs.  6  and  7  were  acquired  on  both  electrodes 
for  each  aging  (Rm,  Ri,  Dm  and  Di).  No  significant  change  is 
observed  in  the  global  patterns,  in  agreement  with  the  analysis  of 
cycled  LiFeP04  electrodes  by  Maccario  et  al.  [32].  However,  in  the 
case  of  the  positive  electrode,  after  aging  new  peaks  associated  to 
FePC>4  are  detected.  The  presence  of  the  delithiated  phase  indicates 
that  positive  electrodes  are  not  completely  intercalated  with 
lithium  at  the  end  of  cell  discharge. 

All  diffractograms  were  refined  with  Rietveld  analysis  and  re¬ 
sults  are  reported  in  Table  2:  the  lattice  parameters,  the  lithium 
stoichiometry  in  the  positive  electrode  and  the  crystallite  size. 


3.4.1  Lattice  parameters  of  active  materials 

As  reported  in  Table  2,  only  little  variation  of  lattice  parameters 
of  both  active  materials  can  be  detected  after  aging.  That  result 
confirms  the  hypothesis  of  an  absence  of  significant  active  material 
degradation. 

3.4.2.  Lithium  stoichiometry  in  positive  electrodes 

From  XRD  patterns  of  LiFePCU  electrodes  it  is  possible  to  esti¬ 
mate  the  lithium  stoichiometry  by  calculating  phase  ratio  between 
LiFeP04  and  FeP04  (see  Table  2).  As  explained  previously,  after 
aging  positive  electrodes  are  not  completely  filled  with  lithium. 

3.4.3.  Crystallite  size 

A  slight  broadening  of  peaks  can  be  observed  in  Figs.  6  and  7 
only  in  the  case  of  positive  electrodes.  By  taking  into  account  the 
whole  pattern,  crystallite  size  is  evaluated  with  absence  of  micro¬ 
strains  (see  Table  2).  Confirming  the  observation  of  peak  broad¬ 
ening,  there  is  significant  evolution  in  crystallite  size  in  the  positive 
electrode.  This  evolution  is  a  decrease  that  is  further  intensified  at 
higher  currents,  by  comparison  of  aging  conditions  Di  and  Ri  with 
conditions  Dm  and  Rm.  Electrochemical  grinding  could  be 
accountable  for  that  decrease  in  crystallite  size,  but  this  seems  not 
to  be  detrimental  to  active  material  electrochemical  activity,  since 
intrinsic  capacity  is  preserved  (see  Table  1). 

3.5.  Surface  chemistry  using  MAS-NMR 

Surface  chemistry  on  positive  and  negative  electrode  grains  is 
analyzed  using  MAS-NMR  for  7Li  and  19F  nuclei.  7Li  spectra  in  Fig.  8 
show  a  unique,  broad  resonance  at  about  0  ppm  that  is  typical  of 
diamagnetic  lithium  [29],  It  is  assigned  to  lithium  present  in  surface 
layers  and  not  to  paramagnetic  lithium  intercalated  in  the  positive 
electrode,  found  at  -8  ppm  by  Tucker  et  al.  [33],  since  acquisition 
conditions  allow  to  separate  surface  and  bulk  signals.  Actually  this 
diamagnetic  signal  corresponds  to  an  overlapping  of  different  sig¬ 
nals  coming  from  the  diamagnetic  lithium  species  present  at  the 
surface  (U2CO3,  LiF,  U2O,  LiPF6,  other  lithiated  carbonates,  etc.); 
unfortunately  it  is  not  possible  to  differentiate  these  species  with 
7Li  spectra  only,  because  of  the  narrow  chemical  shift  range  of 
diamagnetic  lithium. 


Fig.  7.  XRD  patterns  of  LiFeP04  electrodes  from  cells  1.  The  star  indicates  the  reflection  associated  to  aluminium  current  collector.  Inset  shows  the  (200)  reflection  for  LiFeP04  and 
FeP04  phases. 
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Table  2 

Refinement  results  from  XRD  patterns  of  fresh  and  aged  electrodes.  The  values  come  from  a  single  cell  for  each  group;  errors  were  calculated  from  the  goodness  of  refinement. 
LiFeP04  and  FeP04  phases  from  positive  electrodes  are  indexed  in  the  orthorhombic  Pnmb  space  group.  Li4Ti5012  phase  from  negative  electrodes  is  indexed  in  the  cubic  Fd-3m 
group.  Refinement  results  include  the  mean  crystallite  size,  the  lattice  parameters  and  the  lithium  stoichiometry  in  the  positive  electrode,  corresponding  to  the  LiFeP04/ 
(LiFeP04  +  FeP04)  molar  ratio,  as  well  as  the  R-factor  Rwp. 


Fresh 

Rm 

Ri 

Dm 

Di 

Negative  electrode  (cell  1) 

crystallite  size  (nm) 

31  ±2 

41  ±2 

38  ±2 

32  ±  1 

39  ±2 

L^TisO^  —  a  (A) 

8.3637  (12) 

8.3583  (14) 

8.3634(16) 

8.3674(14) 

8.3600  (14) 

RwP (%) 

18.8 

22.7 

19.9 

22.1 

17.5 

Positive  electrode  (cell  2) 

crystallite  size  (nm) 

130  ±  13 

99  ±2 

57  ±  11 

108  ±3 

68  ±  16 

LiFeP04  -  a  (A) 

6.0076  (3) 

6.0061  (6) 

6.0110(14) 

6.0052  (14) 

6.0021  (13) 

LiFeP04  -  b  (A) 

10.328  (1) 

10.325  (1) 

10.334  (2) 

10.322  (3) 

10.324  (2) 

LiFeP04  -  c  (A) 

4.6933  (3) 

4.6932  (6) 

4.6975  (13) 

4.6929  (12) 

4.6908  (12) 

FeP04  -  a  (A) 

- 

5.7946  (5) 

5.7976  (14) 

5.7931  (7) 

5.7923  (15) 

FeP04  -  b  (A) 

- 

9.827  (1) 

9.829  (3) 

9.824  (2) 

9.820  (3) 

FeP04  -  c  (A) 

- 

4.7843  (6) 

4.7855  (13) 

4.7830  (7) 

4.7829  (16) 

Li  stoichiometry 

1 

0.505  ±  0.030 

0.673  ±  0.045 

0.315  ±0.030 

0.613  ±  0.036 

Rwp (%) 

6.38 

7.78 

9.47 

12.62 

8.06 

19F  spectra  in  Fig.  9  allow  the  detection  of  diamagnetic  fluori- 
nated  species.  Consequently  resonances  associated  with  LiPFs  and 
LiF  are  observed  at  -72  ppm  and  -204  ppm  respectively  34], 
Other  lithium  fluorophosphates  are  also  detected  on  negative 
electrodes  typically  between  -76  ppm  and  -84  ppm  [35], 

The  combination  of  7Li  and  19F  spectra  shows  that  both  elec¬ 
trodes  developed  a  rich  surface  chemistry  during  aging,  including 
lithiated  and  fluorinated  species,  amongst  which  LiF  is  majority. 
The  presence  of  LiPF{;  in  several  spectra  may  originate  from  elec¬ 
trolyte  salt  remaining  in  the  electrode  porosity,  which  was  not 
rinsed  before  analysis.  This  surface  chemistry  on  the  LiFeP04 
electrode  is  consistent  since  a  comparable  result  was  evidenced 
using  both  MAS-NMR  and  XPS  after  soaking  LiFeP04  active  material 
in  LiPFg-based  electrolyte  [20], 

4.  Discussion 

Prior  work  has  documented  causes  for  the  fade  of  performance 
of  lithium-ion  batteries.  They  are  generally  divided  into  three 
families:  irreversible  loss  of  active  material,  reversible  loss  of 


chemical  displacement  (ppm) 

Fig.  8.  7Li  MAS-NMR  spectra  on  LiFeP04  electrodes  (cells  3)  showing  isotropic  reso¬ 
nance  at  0  ppm  corresponding  to  diamagnetic  lithiated  species.  Isotropic  resonance 
and  its  spinning  sidebands  are  marked  with  respectively  large  and  small  stars. 


cyclable  lithium  or  electrons,  rise  of  impedance  [5—8  .  The  purpose 
of  this  study  was  to  provide  information  on  the  aging  of  the 
Li4Ti50i2/LiFeP04  in  LiPFg/ECDMC  system  with  respect  to  degra¬ 
dation  mechanisms  referenced  in  the  literature. 

The  results  section  reported  a  discrepancy  in  the  capacity 
retention  between  the  cells  of  this  study  and  those  described  in  the 
literature  [26,27,30].  On  the  one  hand,  explanations  can  be  found 
regarding  the  measurement  of  capacity.  First  of  all,  the  capacity  is 
not  measured  the  same  way:  whereas  in  the  previous  studies  it  is 
measured  during  each  cycle,  under  stress  conditions  and  at  high 
rate  (at  least  1 C),  in  the  present  study  the  cycling  was  stopped  and  a 
reference  test  was  performed  to  have  access  to  the  C/25  capacity, 
which  is  considered  as  the  maximal  available  capacity  [2[.  Secondly, 
cell-to-cell  variability  requires  to  repeat  the  experiment  (3  times  in 
this  study),  so  that  an  average  and  representative  value  is  pre¬ 
sented.  No  statistical  study  is  reported  in  the  works  of  Franger  et  al. 
[26],  Zaghib  et  al.  [30].  For  these  reasons,  no  straightforward 
comparison  can  be  made  with  the  previous  ones. 

On  the  other  hand,  a  difference  in  experimental  conditions  may 
also  cause  a  difference  in  the  capacity  retention.  For  instance, 
changing  the  cell  design  —  coin,  Swagelok,  pouch,  coffee-bag, 
commercial,  etc.  —  may  modify  the  current  distribution  inside  the 
battery  [36]  or  its  permeability  to  ambient  air  and  moisture  [37], 
leading  to  a  different  performance  retention.  It  may  thus  be  argued 
that  Swagelok  cells  can  suffer  from  a  lack  of  airtightness  that  leads 
to  electrolyte  leakage  or  air  intrusion.  However,  in  an  additional 
work,  this  hypothesis  was  discarded  by  comparing  the  calendar 
aging  of  cells  left  in  ambient  air  (capacity  loss  rate  of 
1.95  ±  0.24  pA  h  d~')  with  cells  sealed  in  a  plastic  bag  inside  an 
argon-filled  glovebox  (1.77  ±  0.02  pA  h  d_1).  Secondly,  it  is  worth 
noting  that  Swagelok  architecture  allows  the  use  of  higher  quantity 
of  electrolyte:  0.4  mL.  This  may  increase  the  amount  of  loss  due  to 
parasitic  reactions  involving  the  electrolyte,  because  of  the  high 
electrolyte/electrode  mass  ratio  [15,16],  Moreover,  the  use  of  larger 
volume  of  electrolyte  may  shift  the  saturation  equilibrium  and 
allow  further  dissolution  of  surface  species  coming  from  these 
parasitic  reactions;  the  active  material  surface  is  then  free  to 
experience  new  parasitic  reactions.  Thirdly,  it  has  been  observed  in 
our  lab  that  electrolyte  with  the  same  stated  composition  but 
coming  from  different  manufacturers  leads  to  a  difference  in  ca¬ 
pacity  retention.  Average  lifetime  of  a  LLffisO^/LiFePC^  cell  was 
70  ±  14  days  for  a  manufacturer  and  145  ±  9  days  for  another  one 
(errors  are  calculated  using  Student  law).  Other  studies  of  the  effect 
of  the  presence  of  contaminants  in  the  electrolyte,  such  as  mois¬ 
ture,  are  reported  in  the  literature  [38,39],  At  last,  all  the 
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Fig.  9.  19F  MAS-NMR  spectra  on  Li4Ti5012  (a)  and  LiFeP04  (b)  electrodes  (cells  3  or  4). 
The  spectra  show  isotropic  resonances  at  -76  ppm,  -80  ppm  and  -204  ppm  corre¬ 
sponding  to  LiPF6,  other  lithium  fluorophosphates  and  LiF  respectively.  Isotropic  res¬ 
onances  and  their  spinning  sidebands  are  marked  with  dags,  circles  and  stars,  for  LiPF6, 
the  other  fluorophosphates  and  LiF  respectively  (a  large  symbol  for  the  isotropic 
resonance  and  small  symbols  for  its  spinning  sidebands). 


electrolyte-driven  parasitic  reactions  may  be  strongly  influenced  by 
the  pressure  applied  to  the  separator  and  the  electrodes  —  using  a 
spring  in  Swagelok  architecture.  Apart  from  these  points,  electrode 
formulation  [40]  as  well  as  electrode  balancing  in  the  cell  [6]  have 
to  be  considered  before  any  comparison.  In  conclusion,  it  is  obvious 
that  experimental  conditions  have  an  effect  on  the  degradation 
mechanisms.  By  changing  the  experimental  conditions,  the  balance 
between  the  three  main  aging  mechanisms  is  modified:  loss  of 
active  material,  loss  of  cyclable  lithium  or  electrons,  rise  of 
impedance.  A  change  in  the  combination  of  these  chemical  and 
mechanical  processes  leads  to  a  different  performance  evolution. 
This  explains  why  capacity  fading  rate  can  be  different  on  the  same 
electrochemical  system  using  different  experimental  conditions.  In 
present  work,  the  experimental  conditions  seem  to  have  favored 
the  loss  of  cyclable  lithium  or  electrons  as  main  aging  cause:  this 
finding  is  developed  below. 

The  results  section  reported  that  after  aging  positive  and 
negative  electrodes  still  have  the  same  aspect,  the  same  electro¬ 
chemical  performance  and  very  similar  active  material  structure. 
This  was  proven  using  electrochemistry  on  half-cells  containing 
each  electrode,  as  well  as  spectroscopic  and  microscopic  tools.  This 
shows  the  absence  of  degradation  in  the  composite  electrode,  i.e. 
both  electrodes  can  be  separately  used  as  fresh  ones  after  aging  of 
the  cell. 

Positive  electrodes  were  found  to  be  partially  lithiated  at  the 
end  of  discharge  of  the  complete  cell,  whereas  negative  electrodes 
were  at  a  fully  delithiated  state,  as  demonstrated  by  residual 


Table  3 

Comparison  between  the  lithium  stoichiometry  y  in  Lij,FeP04  and  the  state  of  health 
at  the  end  of  life  SoH.  Lithium  stoichiometries  were  extracted  from  two  different 
cells  using  residual  capacity  (cell  1)  or  XRD  (cell  2).  Errors  ony  from  cells  2  were 
calculated  from  the  goodness  of  XRD  refinement.  NA  means  “not  applicable” 
because  the  measurement  failed  due  to  software  issue  during  recording  process. 


Cell 

Fresh 

Rml 

Rm2 

Ril 

Ri2 

Dml 

Dm2 

Dil 

Di2 

SoH  (%) 

100 

64.3 

60.1 

53.0 

74.7 

39.9 

34.3 

28.0 

64.8 

y(%) 

100 

50.2 

51  ±3 

49.2 

67  ±  5 

NA 

32  ±3 

24.2 

61  ±4 

capacities  and  XRD  phase  attribution.  Lithium  stoichiometry  y  in 
LiyFePCri  can  be  obtained  from  two  separate  ways:  as  the  difference 
between  intrinsic  and  residual  capacities  over  the  intrinsic  capacity, 
using  half-cell  study,  and  as  phase  ratio  between  LiFePCU  and  FePC>4 
from  XRD  data.  The  stoichiometries  were  calculated  on  a  different 
cell  for  each  way;  unfortunately,  because  of  low  reproducibility— as 
showed  by  error  bars  in  Fig.  2  —  they  are  not  directly  comparable  to 
each  other.  Both  are  reported  in  Table  3,  as  well  as  the  final  state  of 
health.  Final  state  of  health  is  the  percentage  ratio  of  final  capacity 
over  initial  capacity,  both  measured  in  discharge  at  C/25.  It  is  worth 
noting  that  the  y  value  is  always  less  than  the  final  state  of  health.  In 
the  case  of  stoichiometry  obtained  from  half-cell  cycling  (in  cell  1), 
this  can  be  explained  by  SEI  formation  on  the  fresh  lithium  counter 
electrode  during  the  discharge  in  half-cell.  Since  the  discharge  ca¬ 
pacity  is  over-estimated,  the  calculated  y  value  is  under-estimated. 
In  the  case  of  stoichiometry  obtained  from  XRD  (in  cell  2),  this  can 
be  explained  by  the  fact  electrodes  were  stored,  neither  rinsed  nor 
dried,  in  the  glovebox  for  some  time  before  XRD  analysis.  In  the 
meanwhile,  a  parasitic  oxidation  of  LiyFeP04  (y  about  0.5),  caused 
by  an  unavoidable  air  or  water  contamination  in  such  conditions, 
may  lead  to  the  lowering  of  the  measured  y  value  [41  ]. 

There  is  good  agreement  between  lithium  stoichiometry  y  in 
LiyFePCU  and  the  state  of  health  at  the  end  of  life  (for  each  of  the 
two  stoichiometry  calculations,  accordance  is  proven  with  less  than 
10%  of  error  using  tests  on  Pearson  correlation  coefficient).  That  last 
result  is  a  proof  that  final  state  of  health  corresponds  to  an  internal 
cell  imbalance,  as  defined  by  Christensen  and  Newman  [6]  and 
Harlow  et  al.  [42  .  This  imbalance  appears  as  electrode  capacity 
ranges  are  progressively  shifting  with  respect  to  each  other. 


-0.6  -0.4  -0.2  0  0.2  0.4  0.6  0.8 


charge  (mAh) 

Fig.  10.  Model  of  electrode  slippage  with  lithium  stoichiometries  x  in  Li4+3XTi50i2  and 
y  in  LiyFeP04.  Cell  capacity  in  discharge  C  is  defined  between  2.5  V  and  0.5  V.  Electrode 
slippage  is  simulated  between  the  fresh  cell  (a)  and  the  aged  cell  Rm2  after  155  days 
(b). 
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Therefore  the  cause  of  capacity  fade  must  be  related  to  cell 
imbalance. 

To  help  in  figuring  the  evolution  of  internal  balancing,  Fig.  10 
presents  a  model  of  electrode  slippage.  This  model  explains  ca¬ 
pacity  fade  only  by  a  loss  of  cyclable  lithium,  since  neither  loss  of 
active  material  nor  increase  in  electrode  polarization  was  observed 
[7,43,44],  Lithium  stoichiometry  in  LiFeP04  at  the  end  of  full-cell 
discharge  is  used  to  set  the  relative  position  of  the  typical  curves 
of  positive  and  negative  electrodes.  Then  the  typical  curve  of  the 
full  cell  is  calculated  as  the  difference  between  positive  and  nega¬ 
tive  potential,  with  cut-offs  of  2.5  V  and  0.5  V.  It  is  possible  to 
determine  the  cell  capacity  C  in  discharge,  as  well  as  the  stoichi¬ 
ometry  in  Li4Ti50i2  at  the  end  of  full-cell  charge,  as  explained  by 
Kassem  and  Delacourt  [10],  After  aging  in  Rm  condition  after  155 
days,  electrodes  have  slipped  about  0.3  mAh,  leading  to  an  internal 
imbalance  that  forces  the  positive  electrode  to  cycle  between 
Lio.6FeP04  and  FeP04  and  the  negative  electrode  to  cycle  between 
Li4Ti50i2  and  Li5.3Ti50i2.  The  cell  capacity  measured  at  the  end  of 
aging  is  therefore  only  0.5  mAh. 

A  possible  origin  for  electrode  slippage  may  be  electron  or 
lithium  consumption  in  parasitic  side  reactions.  After  each  cycle, 
part  of  the  electrons  exchanged  between  the  electrodes  is  missing, 
because  of  parasitic  reactions  consuming  electrons,  lithium  ions  or 
both.  This  behavior  is  observed  when  coulombic  efficiency  is  below 
100%  [45],  Such  reaction  paths  can  be  brought  out  when  the  surface 
of  the  electrode  is  analyzed  after  cycling  or  soaking  in  the  elec¬ 
trolyte  using  XPS  and  PES  [9,16-20,46-48]  NMR  [20,49,50],  FT1R 
and  Raman  [19,46,47]  and  ICP  16.  Below  are  reported  from  the 
literature  several  parasitic  reactions  occurring  in  the  presence  of 
LiPF6,  EC:DMC  electrolyte.  They  include  organic  solvent  degrada¬ 


tion  and  polymerization: 

EC  +  2e-  +  2Li+  ->Li2C03(s)  +  C2H4(g)  (1 ) 

2EC  +  2e~  +  2Li+  —  (CH20C02Li)2(s)  +  C2H4(g)  (2) 

2EC  +  2e~  +  2Li+— >Li0C02(CH2)40C02Li(s)  (3) 

DMC  +  e~  +  Li+  — >CH3OLi(s)  +  CH3OCO‘  (4) 

nEC  +  RCT  — >R0(CH2CH20C02)n_1CH2CH20C02  (5) 

The  lithium  salt  LiPFg  is  in  equilibrium,  according  to: 

LiPF6  <->  LiF  +  PF5  (6) 

However  it  can  be  either  hydrolyzed  by  the  moisture  present  in 
electrode  porosity,  or  reduced: 

LiPF6  +  H20<-»LiF  +  POF3  +  2HF  (7) 

LiPF6  +  xe~  +  xLi+  ->xLiF  +  LiPF6_x  (8) 

PFg  +  2e~  +  3Li+  — >3LiF  +  PF3  (9) 

In  parallel  its  decomposition  products  can  be  hydrolyzed  or 
reduced  in  their  turn: 

PF5  +  H20— >2HF  +  POF3  (10) 

PF5  +  2xe  +  2xLi+  ->xLiF  +  LixPF5  x  (11) 

POF3  +  2xe  +  2xLi+  ->xLiF  +  LixPF3  xO  (12) 


At  the  surface  of  the  electrodes  aged  in  this  study,  NMR-MAS 
revealed  the  presence  of  lithium  diamagnetic  species,  amongst 


which  LiF,  LiPFg  and  other  lithium  fluorophosphates  were  indubi¬ 
tably  detected.  However,  lithiated  organic  species  such  as  lithium 
alkoxides  could  not  be  discriminated  apart  from  other  lithium 
diamagnetic  species.  This  rich  surface  chemistry  is  in  accordance 
with  some  of  the  parasitic  reaction  paths  found  in  literature,  which 
may  explain  the  electrode  slippage  that  was  demonstrated.  It  is 
worth  noting  that  these  surface  species  are  expected  to  develop 
either  a  thin  or  a  heterogenous  surface  layer,  since  the  polarization 
of  the  cell  and  of  the  separate  electrodes  did  not  increase 
significatively. 

It  has  been  shown  in  previous  works  (using  XPS,  MAS-NMR, 
SEM  and  TEM)  that  the  SEI  film  on  positive  electrodes  is  not  un¬ 
der  the  form  of  a  thick,  homogeneous  layer  on  the  active  material 
grains  17,18,49,51],  This  heterogeneous  film  is  not  resistive,  as 
proven  by  EIS  measurements.  Therefore  cells  do  not  experience 
electrode  polarization.  Besides,  products  of  the  parasitic  reactions 
mentioned  in  the  text  may  either  be  deposited  on  the  surface  of 
electrode  grains  or  remain  in  the  electrolyte  solution  as  a  soluble 
species.  In  the  latter  case,  no  electrode  polarization  is  expected. 

A  quantification  of  the  surface  species  will  benefit  to  a  better 
understanding  of  their  formation;  furthermore  it  will  allow  the 
establishment  of  a  more  specific  chemical  model  for  the  system 
studied  here,  i.e.  LUTisO^/LiFePCH  in  LiPFg/ECDMC.  This  work  is 
currently  in  progress  thanks  to  a  calibration  of  NMR-MAS  spectra 
for  positive  and  negative  electrodes,  as  demonstrated  by  Cuisinier 
et  al.  [49], 

Another  possible  origin  for  electrode  slippage  could  be  the 
inhomogeneous  reaction  in  LiFeP04.  In  a  recent  paper  it  is  reported 
that  some  grains  in  LiFeP04  electrode  have  priority  over  lithiation 
or  delithiation  process  [52],  It  is  believed  that  inhomogeneous 
lithiation  of  the  electrode  would  lead  to  a  memory-effect  when 
charge  or  discharge  is  not  complete,  because  of  the  non-usage  of 
some  active  material  grains.  A  similar  behavior  was  observed  by 
Dubarry  et  al.  [53]  on  under-charged  LiNio.sCoo.15Alo.05O2  elec¬ 
trodes.  When  LiFeP04  electrode  is  cycled  with  Li4Ti50i2  as  negative 
electrode,  this  behavior  could  cause  the  lowering  of  cell  capacity, 
even  if  the  electrode  intrinsic  capacity  is  not  changed. 

5.  Conclusion 

Li4Ti50i2/LiFeP04  cells  (in  LiPFg/EC:DMC)  were  aged  by  cycling, 
so  that  high  degradation  in  term  of  capacity  fade  was  observed  after 
4—5  months.  Both  electrodes  were  then  analyzed  using  comple¬ 
mentary  electrochemical,  spectroscopic  and  microscopic  tools.  The 
combination  of  all  these  techniques  allowed  to  draw  two  conclu¬ 
sions  on  the  degradation  diagnosis: 

1.  No  degradation  in  the  composite  electrode  resulted  from  this 
aging,  so  that  both  electrodes  could  be  used  separately  after 
aging  with  results  similar  to  fresh  ones. 

2.  Cell  capacity  fade  resulted  from  internal  imbalance  in  the  cell, 
which  may  have  been  caused  by  parasitic  reactions  leading  to  a 
rich  surface  chemistry. 

Those  conclusions  are  inline  with  literature  knowledge  on 
Li4Ti50i2  and  LiFeP04  active  materials.  Both  remain  attractive 
electrode  materials  due  to  their  intrinsic  stability,  however  it  is  of 
prime  importance  to  better  understand  and  lower  parasitic  re¬ 
actions  at  the  various  interfaces  in  the  cell. 
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